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We report /3-NMR investigations of polarized 8 Li implanted in thin Pb and Ag/Nb films. At 
the critical superconducting temperature, we observe a singular peak in the spin relaxation rate in 
small longitudinal magnetic fields, which is attributed to fluctuations in the superconducting order 
parameter. However, the peak is more than an order of magnitude larger than the prediction based 
on the enhancement of the dynamic electron spin susceptibility by superconducting fluctuations 
and reflects the presence of unexpected slow fluctuations. Furthermore the fluctuations are rapidly 
suppressed in a small magnetic field, which may explain why they have not been observed previously 
with conventional NMR or NQR. 

PACS numbers: 74.25.nj, 74.40.-n, 74.78.-w 



Near the superconducting critical temperature T c , 
thermodynamic fluctuations of the order parameter oc- 
cur, leading to the appearance of pairing correlations 
with critically increasing life time on approaching T c from 
above Q . These fluctuations are easier to see above T c in 
the form of excess conductivity (paraconductivity), tun- 
nel conductivity, enhanced diamagnctism, and in many 
other electronic properties [2J. The importance of fluc- 
tuations increases in systems of lower dimensionality (on 
the scale of the Ginzburg-Landau coherence length) such 
as thin films, wires and small particles. Unconventional 
superconductors such as cuprates, with their quasi 2D 
electronic structure, low superfluid density and short co- 
herence length, arc even more susceptible to fluctuations 
In these systems phase fluctuations are thought to 
be largely responsible for the pseudogap regime and may 
be connected to the presence of a quantum critical point 



NMR can give detailed information on the normal and 
superconducting electronic state and has played a pivotal 
role in elucidating the nature of low- and high-T c super- 
conductivity [Bj]. In low-T c superconductors the observa- 
tion of the Hebel-Slichter peak was a profound and un- 
ambiguous confirmation of BCS theory. Also, in high-Tc 
superconductors (HTS) NMR measurements of the local 
spin susceptibility first revealed the unusual pseudogap 
state Q . The nuclear spin relaxes due to time dependent 
fluctuations of the local magnetic field, whose transverse 
components induce transitions between the nuclear spin 
levels. In a metal the most important contribution is 
from spin fluctuations of the conduction electrons which 
are coupled to the nuclear spins though the magnetic 



hyperfine interaction. This nuclear spin relaxation rate 
can be expressed in terms of the dynamical electron spin 
susceptibility \" and gives rise in the normal state of a 
non interacting Fermi gas to the well known Korringa 
law jYjt = const of the longitudinal spin relaxation rate 
Tyr- . The effect of superconducting fluctuations on \" are 
generally calculated, using diagrammatic techniques, to 
different levels of approximation (see [H for an overview) . 
In an s-wave superconductor without strong pair break- 
ing effects one expects a singular peak in i at T c in 

a very narrow temperature range e = T ^ r Tc . However, 
until now no singular behavior of the spin-lattice relax- 
ation at T c has been detected, either in conventional or in 
unconventional superconductors. In conventional super- 
conductors the observation of the effect of superconduct- 
ing fluctuations on NMR spectra and relaxation is be- 
lieved to be difficult due to the smallness of the effect on 
the order of the Ginzburg-Levanjuk number d (« -^f^) 
0- For d-wave pairing the dominant contribution, the 
so-called Maki-Thomson term, is suppressed [8|, |9j. In 
HTS, comparison with theory is further complicated by 
the delicate interplay of contributions with opposite sign 
and magnetic field dependence. Moreover, the presence 
of antiferromagnetic fluctuations and the unusual normal 
state background make it difficult to extract the fluctu- 
ation contributions, leading to controversial interpreta- 
tions of the experimental data, which instead of a critical 
enhancement show a suppression of jr at T c [13, El. 

In this letter, we report low frequency /3-NMR mea- 
surements in thin films (single and NS bilayers) of low 
T c superconductors. We measured RF resonance spec- 
tra and the longitudinal spin relaxation rate ^- of 8 Li 
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implanted in a thin Pb film and in the Ag layer of sev- 
eral Ag/Nb bilayers, where superconductivity is induced 
by proximity effect. In both films we observe a large 
diamagnetic shift in the resonance frequency below T c 
as expected from Meissner screening of the applied field. 
However, there is also a well defined peak in in a nar- 
row temperature range near the critical temperature T c , 
which is clearly due to fluctuations of the superconduct- 
ing order parameter. The fluctuations are much slower, 
and the region around T c where they are observed is 
larger than predicted from current theory of Gaussian 
fluctuations. Furthermore there is a strong field depen- 
dence which may explain why these fluctuations have not 
been reported previously with conventional NMR. This 
experiment shows that it is possible to observe supercon- 
ducting fluctuations by the NMR technique and paves the 
way to investigations in other classes of superconductors 
(e.g. HTS), low dimensional systems and mesoscopic de- 
vices (e.g. Josephson arrays). 

The /3-NMR experiment was carried out at TRIUMF 
using a 28 keV beam of 8 Li + produced at the isotope 
separator and accelerator facility (IS AC). A large nuclear 
polarization (70%) is generated in flight using a collinear 
optical pumping method [12J. The hyperpolarized beam 
had a beam spot of about 3 mm diameter and a typical 
rate of 10 6 8 Li/s. The samples were mounted on a cold 
finger cryostat contained in the UHV chamber of the low 
field /3-NMR spectrometer. The spin polarization was 
perpendicular to the beam direction but parallel to both 
the sample surface and a small external magnetic field 
Bo between 0.7 and 3 mT. In /3-NMR the nuclear spin 
polarization is monitored through the anisotropic /3 de- 
cay of 8 Li (S = 2, gyromagnetic ratio 6.3015 MHz/T, 
electric quadrupole moment Q=+ 31.4 mb) which has a 
mean lifetime r = 1.2 s. The emitted beta has an aver- 
age energy of about 6 MeV, which allows it to pass easily 
through stainless steel windows in the ultra high vacuum 
(UHV) chamber. The beam energy can be chosen be- 
tween 1 and 28 keV [H. 

The samples were RF-sputtered onto epitaxially pol- 
ished quartz and sapphire substrates using research grade 
materials. Resistivity measurements give for Pb (260 
nm) T c = 7.12 K, AT C < 8 mK with mean free path 
£ « 48 nm which is less than the BCS coherence length 
< £o — 83 nm. Also since kBT c h~ 1 T = 0.03 <C 1, where 
r is electron scattering time the sample is in the dirty 
limit. For Ag(29 nm)/Nb(252 nm), the critical temper- 
ature of the entire bilayer T c = 9.15 K, AT C < 40 mK, 
(■Ag ~ 40 nm and £^b ~ 250 nm. 

Fig. Q] shows resonance curves of 8 Li + implanted at 
5 keV in the Pb sample with a magnetic field of 1 mT 
applied parallel to the surface of the film. At this en- 
ergy the implantation range of 8 Li + extends to ~ 100 
nm with a mean implantation depth and rms of 34.05 
nm and 19.22 nm, respectively. The temperature depen- 
dence of the resonance frequency is an unambiguous sig- 



nature of the Meissner state (inset Fig. [TJ. The frequency 
shifts data fits well to a solution of the London equation 
taking into account the implantation profile yielding an 
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effective penetration depth A e //(T)= 
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with A e //(0)= 62. 2± 0.3 nm in good agreement with a 
LE-/xSR measurements on this sample [13j and literature 
values [141] ■ A sharp decrease in the resonance frequency 
in the Ag/Nb film was observed below T c at an implanta- 
tion energy of 4keV. In this case the signal originates en- 
tirely from the Ag overlayer of the Ag/Nb bilayer. Knight 
shift /3-NMR measurements in elemental metals such as 
Ag and Au indicate that below ~ 100 K the Li is static 
and occupies the interstitial octahedral site, which is fa- 
vored over the smaller tetrahedral site 12j, |l5j, |l6| . Since 
Pb has the same fee structure it is therefore reasonable 
to assume that Li is mainly in the octahedral interstitial 
site over the temperature range of our experiment. 
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FIG. 1. /3-NMR resonance spectrum above and below T c for 
8 Li stopped in the Pb film. The insert shows the temperature 
dependence of the resonance frequency. The curve is a fit to 
the London model. 



Spin relaxation measurements were carried out with 
a pulsed beam of length 1-4 s with the RF field off. The 
insert of Fig. [5Jc) shows the time evolution of the asym- 
metry signal of the 8 Li stopped in Ag. The decay of the 
signal is a direct measure of -jr. Fitting the time depen- 
dent asymmetry during and after the pulse, by taking 
into account the constant implantation rate during the 
pulse and the exponential relaxation, we obtain 

Fig. [5] plots the temperature dependence of jr for 
both samples. Note in particular the sharp increase at 
T c within < 50 mK followed by a smooth decrease be- 
low T c . Such a peak at T c is unambiguous evidence for 
critical slowing down of the fluctuations in the supercon- 
ducting order parameter. Before discussing this in more 
detail it is important to first understand the data in the 
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normal state. Above T c the relaxation rate increases 
linearly with T as expected from Korringa relaxation in 
the normal state (inset in Fig. [2£b),(d)). Extensive /3- 
NMR relaxation studies in pure elemental metals such 
as Ag, Au and Nb have shown that in the normal state 
at sufficiently high field T\ is dominated by the mag- 
netic field-independent, temperature-linear Korringa re- 
laxation due to the direct hyperfine coupling between the 
8 Li and the conduction electrons. The measured slopes 
0.0028(1) (sK)' 1 for Ag and 0.0044 (siTp 1 for Pb, are 



close to those found in other elemental metals 

Spin relaxation for 8 Li in Pb at low magnetic fields 
is more complicated due to cross relaxation between the 
host Pb spins and 8 Li . Thus in addition to the direct 
Korringa relaxation there is also an indirect contribu- 
tion from the Korringa relaxation of the host 207 Pb spins 
(S=l/2 and 22% abundant) which are coupled to the 8 Li 
through a magnetic dipolar interaction. The interaction 
produces a significant cross relaxation between 8 Li and 
207 Pb nuclear spins in low field where the Larmor fre- 
quencies of the 207 Pb and 8 Li are small and thus nearly 
equal. As shown in [13] this process characteristically 
gives rise to a strong Lorentzian field dependent ^- evi- 
dent in the normal state in Fig. [2ja),(b). Consequently, 
the reduction of the local field in the superconducting 
state leads to a temperature dependent enhancement of 
jt over the normal state values starting at T c and ex- 
tending to lower temperatures. We have calculated this 
contribution fitting the field dependence of the relaxation 
rate above T c to determine magnitude (AB = 0.01 mT) 
and fluctuation time (r c = 3 10~ 5 s) of the 207 Pb dipolar 
fields. Below T c we take into account the reduction of 
the local field acting on the 8 Li nuclei due to the Meiss- 
ner effect with penetration depth A e / / (T) as determined 
above from the resonance data. The solid curves in Fig. 
[2](a),(b) show the results of the calculation including a 
small Hebel-Slichter contribution, due to opening of the 
gap and coherence effects, which we calculated following 
the theory of [ljj ]. It is clear that the remaining sin- 
gular peak observed at T c cannot be due to due to the 
Hebel-Slichter effect because the latter appears as a much 
broader field-independent peak at T ~ 0.85T C . Further- 
more the Hebel-Slichter peak represents a barely factor 
two enhancement over the normal state Korringa value 
of 0.0313 s _1 for Pb (see also below). The peak we ob- 
serve occurs exactly at T c as shown in Fig. [2] and is easily 
suppressed in a few mT external field. This is clear evi- 
dence that the peak is due to critical fluctuations in the 
superconducting order parameter. 

In terms of the mean field Ginzburg-Landau order pa- 
rameter ^P, the superconducting fluctuations are related 
to ( |*| 2 ) ^ although (*) = 0. This state of local 
phase coherence can be represented by the presence of 

superconducting droplets of size £(T) = Q-^\/^ol\J\ 

and life time of the order of t gl {T) = [1]. The 
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FIG. 2. Spin lattice relaxation rate versus temperature 
from single exponential fits to relaxation data, (a) and (b): 
Pb film (260 nm) s Li implantation energy 5 keV. (c) and 
(d): Ag(29nm)Nb(252nm) bilayer a Li implantation energy 4 
keV. Insets (c): typical polarization spectrum; (b) and (d): 
extended temperature range showing the Korringa contribu- 
tion. The solid curves show the contribution from the host 
nuclear dipole dynamics in Pb. 



non-equilibrium pair density n cx (|* | 2 ) leads to fluc- 
tuation induced diamagnetic susceptibilty and paracon- 
ductivity. The effect of superconducting fluctuations on 
physical observables is generally calculated in the Gaus- 
sian regime by the diagrammatic technique in a micro- 
scopic theory involving the hyperfine contact coupling. 
The acceleration of Cooper pairs of limited lifetime con- 
tributes directly to the conductivity with the so-called 
Aslamasov-Larkin (AL) term [l9| . An additional indirect 
contribution (the so-called Maki- Thomson term, MT [2|) 
reflects the conductivity increase induced by fluctuations 
decaying into quasiparticle pairs of nearly opposite mo- 
menta that maintain their correlation and continue to be 
accelerated as though they were paired [lj . Other contri- 
butions are given by the diagrams due to the reduction 
of the single-particle density of states by the supercon- 
ducting fluctuations (DOS). 

For NMR observables, the interplay and importance of 
these contributions is different than in the case of con- 
ductivity. Due to spin-singlet pairing the direct Cooper 
pair AL contribution to the (static and dynamic) spin 
susceptibility is absent and the anomalous MT term is 
the only positive and dominating contribution to the re- 
laxation rate. A physical picture of the MT relaxation 
process is the following. When the electron is scattered 
by the nucleus changing its spin orientation and momen- 
tum to the opposite value, it can pass again the previous 
trajectory moving in the opposite direction. Due to the 
retarded character of the pairing interaction, a Cooper 
pair can form and this turns out to be a new spin relax- 
ation mechanism. 
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However, the phenomenon reported here cannot be ex- 
plained by the MT enhancement of the local spin suscep- 
tibility because i) the magnitude of the peak with respect 
to the Korringa relaxation is much larger ii) it appears in 
a wider temperature range iii) and because of its strong 
field dependence. In the 2D limit, which is well fulfilled 
in the temperature interval where we observe the jump 
in spin-lattice relaxation (£(e) > d for e < 3 • 10~ 2 ), and 
dirty case, the MT enhancement of the NMR relaxation 
rate over the normal Korringa value can be analytically 
expressed in the case of static (lj — > 0) long wave length 
fluctuations to be 0, [2(| : 



l MT 
T\ 

Ti 



17 ft 



8E F re 



— ln(-). 

7$ 7$ 



(1) 



which diverges logarithmically for e — > 0. 

The size of this contribution is very sensitive to pair 
breaking processes expressed by the pair breaking pa- 
rameter 7$. Taking for a conservative estimate for Pb 
only the thermal phonon contribution 7$ w = 

1.57 • 10~ 2 , and e = 7 ■ 1CK 4 (which corresponds to the 
temperature stability of our experiment, 5 mK), we ob- 
tain an estimate for the jump in the relaxation rate at 
T c which is more than an order of magnitude smaller 
than observed. For the Ag/Nb film the calculation un- 
derestimates the peak by two orders of magnitude. The 
discrepancy is larger if one considers that additional ef- 
fects not included in Eq. (fl]), such as strong coupling 
i^e-ph = 1-547) and some degree of three dimension- 
ality [9( further reduce the magnitude of the MT term. 
Also the existing theory does not account for the strong 
field dependence of the peak which is suppressed by a few 
mT. Such field dependence is not expected for the MT 
processes of the dynamical spin susceptibility 22|, |23j . 

Although more quantitative estimates must await fur- 
ther investigations the results indicate that the singular 
fluctuation contribution to the dynamic spin susceptibil- 
ity as calculated in lower order cannot predict magnitude 
and frequency spectrum of the effect. Other mechanisms, 
that add to the direct contact interaction have to be con- 
sidered. Since the order parameter is complex, phase fluc- 
tuations can generate fluctuating supercurrents and mag- 
netic fields relaxing the spin probe even in cases where 
the contact term is small or zero 24J. Local fluctuat- 



ing fields are also associated to diamagnetic fluctuations, 
which manifest themselves in the diamagnetic suscepti- 
bility above T c . The suppression of ^j- as a function of 
magnetic field indicates that there is a decrease in the 
size (and corresponding correlation time) of the fluctuat- 
ing domains with increasing applied field, as observed in 
the field dependence of the diamagnetic susceptibility. In 
that case the diamagnetic response exhibits a significant 
reduction for fields of the order of a few tens of H c (0) 
and is dominated by very low energy long wavelengths 
modes @,[25|. 



Summarizing we have observed a pronounced increase 
of the longitudinal spin-lattice relaxation in a narrow re- 
gion close to the critical temperature of low T c thin super- 
conducting films. The peak is attributed to unexpected 
low frequency (~ kHz) critical fluctuations. The strong 
field dependence may explain why these have not been 
detected with conventional NMR. Both the magnitude 
and the field dependence are not predicted in the existing 
theory of NMR relaxation near T c . Our observation also 
demonstrates the sensitivity of /3-NMR to low frequency 
dynamics in superconductors. In contrast with conven- 
tional NMR, depth dependent /3-NMR can be carried out 
at very low frequencies and thin films without loss in sig- 
nal strength. The implantation range of the polarized 
nuclei makes them suitable to application in low dimen- 
sional systems where fluctuation effects are enhanced e.g. 
heterostructures containing insulating and superconduct- 
ing layers, where it can be stopped in the insulating en- 
vironment to act as a sensitive probe of fluctuations in 
the nearby superconducting layer, or High-T c supercon- 
ductors. 
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